Introduction
============

Inflammatory bowel disease (IBD), which includes Crohn's disease and ulcerative colitis, is a chronic and relapsing-remitting inflammatory condition of the gastrointestinal tract. It afflicts mostly young people, and represents an important public health problem affecting both patients' education, working abilities, social life, and quality of life. The etiology is still unknown, but is most likely an interaction of genetic, immune, and environmental factors with continuous immune-mediated inflammation.[@b1-ceg-5-195] The latest research in this area has stimulated the discovery of novel therapeutics for IBD.

Experimental colitis models are used in animals to investigate the different factors in IBD by inducing acute or chronic intestinal inflammation. These models include administering chemicals such as acetic acids, formalin, indomethacin, dextran sodium sulphate (DSS), trinitrobenzene sulfonic acid (TNBS) in ethanol, carrageenan, or immune complexes to rodents.[@b2-ceg-5-195] All these substances have their own pros and cons. During the last decade, DSS, which is given as a replacement for normal drinking water, has been preferred over other substances due to its noninvasive administration, wherein the animals quickly develop colitis and anesthesia is not required. The TNBS model is characterized by a simple process (single dose of intracolonic administration), reproducible colonic damage, and inexpensive and short duration of the experiment, but the animals are exposed to anesthesia during the administration.[@b3-ceg-5-195]--[@b5-ceg-5-195] TNBS also induces more widespread transmural inflammation different from DSS-induced colitis. Hence, the models closely mimic the clinical and morphological features of human Crohn's disease and ulcerative colitis, respectively.[@b6-ceg-5-195],[@b7-ceg-5-195]

Transabdominal bowel ultrasound is an established imaging procedure in patients with IBD.[@b8-ceg-5-195],[@b9-ceg-5-195] It is used for investigating the degree of colonic inflammation, its relation to patient symptoms and for follow-up.[@b10-ceg-5-195] Typical ultrasonographic findings in IBD patients are increased wall thickness, infiltrations, ulcerations, flow alterations, changes in stratification, and complications such as abscesses, stenosis, and fistulas.[@b11-ceg-5-195]--[@b13-ceg-5-195] A detailed image of the bowel including the separate wall layers can be obtained using a 7.5--14-MHz linear transducer.

In experimental studies, a variety of optical and nonoptical imaging techniques, including colonoscopy, chromoendoscopy, optical coherence tomography, microcomputed tomography, ultrasound elasticity imaging, and magnetic resonance imaging alone or combined with positron emission tomography have been used to provide anatomical and functional information about the colon.[@b14-ceg-5-195]--[@b16-ceg-5-195] However, each of the techniques has some disadvantages and limitations.

To our knowledge, intestinal changes in response to induced colitis have not been examined by bowel ultrasound in animal models. We hypothesize that ultrasound scanning in experimental colitis models can improve our understanding of pathophysiological mechanisms, with particular reference to inflammation.

In the present pilot study, we wanted to investigate (1) whether transabdominal bowel ultrasound using a clinical scanner could demonstrate inflammation in two well-known experimental rat colitis models, and (2) for which model ultrasound imaging was suitable. For this purpose, the rats were exposed to either DSS or TNBS to induce colitis.

Materials and methods
=====================

Animals
-------

Sixteen adult male Wistar rats (Møllegaard and Bomholtgaard, Ry, Denmark), with a mean weight of 303 ± 1.5 g were housed singly in Makrolon III cages. Access to standard diet, BeeKay rodent low-protein diet consisting of cereal products (88.5%), soy protein (6%), animal proteins (2.5%), soy oil (0.5%) and vitamin, mineral, and amino acid supplementation (2.5%) (B&K Universal, Nittedal, Norway) was ad libitum, as was tap water if not otherwise stated. Animals were maintained at a controlled temperature (21°C ± 1°C) with a 12-hour light and 12-hour dark cycle (lights on at 0700), relative humidity 55% ± 5% and 20 air changes per hour.

The protocol and the procedures were approved by the Norwegian Animal Research Authority (project number 2009 1908).

Experimental design
-------------------

Following 7 days (days 1--7) of acclimatization after arrival, the 16 animals were randomly divided into two groups of eight: group 1 (DSS) and group 2 (TNBS). [Table 1](#t1-ceg-5-195){ref-type="table"} shows a summarized design of the study. Colitis was induced by 5% DSS in distilled drinking water in group 1 and by a single intracolonic TNBS dosing in group 2. Using transabdominal bowel ultrasound, the wall thickness of the distal colon, cecum, and small bowel were recorded at baseline and 7 days after DSS administration in group 1 and at baseline, and 2 and 7 days later after the TNBS administration in group 2. Blood and fecal samples were taken from each group on the same days as ultrasonography was performed. Rats were killed by CO~2~ the day after the final ultrasound examination, and the samples for histology were taken.

Induction of colitis
--------------------

In group 1, colitis was induced by 50 g/L of DSS (MW 44,000; TdB Consultancy AB, Uppsala, Sweden) given in distilled drinking water for 7 successive days. The solution was refreshed daily, and consumption was measured accordingly. In group 2, rats were restricted from food 24 hours prior to TNBS dosing, and a single dose of TNBS (Sigma-Aldrich Logistik, Heidenheim, Germany) in 50% ethanol solution (0.5 mL/rat) was administered intracolonically by a rectal probe under anesthesia (isofluran). The probe was of polyethylene material, 10 cm long with 2 mm external diameter and a balled tip. After the TNBS administration, the probe was gently removed, and the animal remained prone with hind legs raised for at least 30 seconds to minimize leakage. The whole procedure took less than 5 minutes. The animals were monitored until recovery and then transported back to the animal facilities.

Ultrasound examination
----------------------

Ultrasound images were obtained using a commercial ultrasound scanner (GE Logiq 9; GE Healthcare, Milwaukee, WI) with a broadband linear array transducer set to 14 MHz (12 L GE Healthcare, MI). Before ultrasound measurements, animals were anesthetized by isofluran, and then placed on a heated platform in a supine position with the abdomen exposed to the transducer. The abdomen was shaved before imaging, and ultrasound gel was gently applied to obtain better contact between skin and transducer. First, symphysis pubis was localized in a longitudinal section of the transducer, and then distal colon was visualized in a standardized view in which the urinary bladder served as a landmark. Thereafter, the transducer was moved to the left upper quadrant to visualize the cecum and to the small bowel in the right upper quadrant. The wall thickness was measured from the start of the hypoechoic layer, corresponding to the proper muscle to the interface echo between the mucosa and lumen. The hyperechoic echo corresponding to the submucosa could not always be identified. In each location, a mean of three measurements was used for further analysis.

Blood and fecal samples
-----------------------

For analyzing tumor necrosis factor--alpha (TNF-α), blood was drawn from the saphenous vein during the ultrasound scanning into a heparin-containing Vacutainer, placed on ice for 10 minutes. Phycoerythrin-conjugated hamster anti-rat/mouse TNF (Becton Dickinson Biosciences, San Jose, CA) was added to 50 μL blood and incubated for 30 minutes at 4°C. A further 1 mL Becton Dickinson Pharm Lyse lysing buffer was added, and samples were incubated for another 8 minutes at room temperature. Washing was performed twice with 2 mL phosphate-buffered saline containing 0.5% bovine serum albumin. Samples were centrifugated at 350 g for 5 minutes between each washing. TNF-labeled cells were analyzed by FACSCalibur (Becton Dickinson Immunocytometry Systems). Flowjo software version 8.8.6 (Tree Star, Ashland, OR) was used to analyze flow cytometry data, and TNF-α was expressed as median fluorescence intensity.

Fecal samples were obtained to evaluate occult bleeding (HemoFEC; Med-Kjemi, Asker, Norway) in response to induction of colitis (score 0 indicated test negative and 1 test positive).

Tissue preparation and histological assessment
----------------------------------------------

After ultrasound imaging (days 17 and 18), animals were killed with inhaled CO~2~, and colon and small bowel were removed for histological examination. The distal part of the small bowel and colon were rinsed with phosphate-buffered saline buffer, opened longitudinally, and colon divided into one proximal (cecum) and one distal segment, which were fixed in 10% formalin and embedded in paraffin. Eight pieces per segment were stained with hematoxylin and eosin.

Crypt and inflammation scores in colon and small bowel were determined according to a validated scoring system.[@b17-ceg-5-195] The final crypt and inflammation scores are the averages of all individual scores of 16 pieces per colon. Thereafter, combined histology score was used, being the sum of the averages of crypt and inflammation scores.

Statistical analysis
--------------------

Data were analyzed using the GraphPad Prism version 5 (GraphPad Software, San Diego, CA) statistical software package. Results are presented as mean ± standard error of mean. Differences between groups were evaluated using one-way analysis of variance and paired *t*-tests. Correlation between ultrasound measurements and combined histology scores was analyzed using Pearson's correlation test. *P*-values less then 0.05 were considered statistically significant.

Results
=======

Ultrasound images
-----------------

Compared with baseline values (0.5 ± 0.02 mm), the wall thickness of distal colon, but not cecum or small bowel, increased significantly after 7 days of DSS intake in group 1 (0.9 ± 0.07 mm, *P* \< 0.01). In group 2, the wall thickness of both distal colon (baseline, 0.5 ± 0.03 mm) and small bowel (baseline, 0.4 ± 0.03 mm) increased significantly after 2 days (distal colon, 1.2 ± 0.08 mm; small bowel, 0.7 ± 0.06 mm; *P* \< 0.05) and 7 days (distal colon, 0.9 ± 0.1 mm; small bowel, 0.5 ± 0.03 mm; *P* \< 0.05), but the highest thickness increases were recorded 2 days later, after TNBS administration ([Figure 1](#f1-ceg-5-195){ref-type="fig"}). An ultrasonographic view of the distal colon before and after DSS intake is demonstrated in [Figure 2](#f2-ceg-5-195){ref-type="fig"}.

Blood and fecal samples
-----------------------

TNF-α increased significantly after 7 days in group 2, analyzed by median fluorescence intensity (baseline, 2.0 ± 0.2; after 7 days, 3.2 ± 0.2; *P* \< 0.002). However, no statistical difference was seen in group 1. In accordance with sonographic features, occult bleeding in fecal samples was positive in five of eight rats after 7 days' DSS intake, and positive in seven of eight rats after 2 days and one of eight rats after 7 days in the TNBS group.

Histology of the colon
----------------------

Histological findings in the DSS and TNBS groups were compared with our previous control group,[@b18-ceg-5-195] as the animals were all adult male Wistar rats from the same farm that had gone through the same diet and acclimatization procedure. Microscopic evaluation showed indications of colitis in all rats receiving DSS or TNBS. Changes were most prominent in the distal colon, with areas of erosions, crypt distortion, and inflammatory infiltration ([Figure 3](#f3-ceg-5-195){ref-type="fig"}). Compared with the control group, combined histology scores of distal colon and small bowel were significantly higher in the DSS and TNBS groups, and cecum in the DSS group. The highest scores were observed in distal colon in the DSS group, and the scores of all segments were generally higher in the DSS group than the TNBS group ([Figure 4](#f4-ceg-5-195){ref-type="fig"}).

Relationship between histology and ultrasound features
------------------------------------------------------

There was a significant correlation between ultrasonographic measurements and combined histology score of distal colon in the DSS group (*r* = 0.71, *P* = 0.04) ([Figure 5](#f5-ceg-5-195){ref-type="fig"}). Furthermore, in accordance with sonographic and histologic features, occult bleeding was also positive in both DSS and TNBS groups (62.5% and 87.5%, respectively), hence hemoFEC, histology, and ultrasound findings of distal colon in the DSS group supported one another ([Table 2](#t2-ceg-5-195){ref-type="table"}).

Discussion
==========

To our knowledge, this is the first reported study where transabdominal bowel ultrasound using a clinical scanner was combined with two different experimental colitis models to evaluate intestinal inflammation. We demonstrated increased wall thickness of the distal colon after 1 week DSS administration, and wall thickening of the small bowel and distal colon after single intracolonic TNBS administration (2 and 7 days later). Hence both colitis models were suitable to obtain ultrasound images and to show wall thickening in response to inflammation. Interestingly, a significant correlation between ultrasonographic measurements and combined histology score of distal colon was shown in the DSS-group, and positive scores for occult fecal blood also supported inflammation. Accordingly, our study suggests that this particular ultrasonography technique can be applied to evaluate inflammation in rat experimental models of colitis.

IBD is associated with morphological changes of the bowel wall that can be visualized with transabdominal bowel ultrasound.[@b8-ceg-5-195],[@b19-ceg-5-195] This method is a useful tool for detecting the extent of bowel wall thickening, the length of involved segments and follow-up of the inflammatory process.[@b20-ceg-5-195],[@b21-ceg-5-195] Compared with other advanced imaging and visualization modalities, such as computerized tomography, magnetic resonance imaging, capsule endoscopy and double-balloon endoscopy, ultrasonography has the advantage of being cheap, noninvasive, portable, widely available, and patient-friendly. Furthermore, ultrasonography rapidly provides the clinician with image data of high temporal and spatial resolution. However, intestinal air and obesity may impair image quality. The typical ultrasound findings in IBD can be divided into bowel wall changes, focal reactions, and complications of the disease. The wall changes consist of wall thickening, ulcerations, infiltrations, flow alterations, and changes in stratification and perfusion.[@b22-ceg-5-195]--[@b24-ceg-5-195] Importantly, focal reactions such as enlarged lymph nodes around the bowel loops and complications of IBD (fistulas, abscesses, and stenosis with signs of obstruction) can also be visualized using bowel ultrasound. Accordingly, noninvasive quantification of colonic inflammation by bowel ultrasound could advantageously guide dosing regimens, assess drug efficacy, and promote local drug delivery.[@b25-ceg-5-195] Thus it may enhance the value of experimental colitis models in animal research.

Rodents have been widely used to investigate different factors in IBD, including pathophysiological mechanisms and drug activity. Transgenic and mutant strains of mice with specific deficits or inducible colitis models, mainly with DSS or immunological haptens such as TNBS, have been reported.[@b26-ceg-5-195],[@b27-ceg-5-195] In the TNBS model, a mucosal barrier breaker (ethanol) is administered rectally with the hapten, resulting in an acute injury phase to a longer-lasting immunological phase.[@b27-ceg-5-195] Such chemically induced models of colitis have received much attention because they are simple to induce and evoke widespread immunoinflammatory sequelae in the colon.[@b28-ceg-5-195] Mucosal and submucosal infiltration by leukocytes, macrophages, lymphocytes, and mast cells, including ulceration, fibrosis, and incomplete bowel obstruction, has been shown in this model.[@b29-ceg-5-195]

Recently, Shi and colleagues demonstrated that the inflammatory response to DSS was primarily due to oxidative stress, whereas in TNBS colitis the inflammation was due to both oxidative stress and proinflammatory cytokines.[@b30-ceg-5-195] DSS inflammation induced oxidative stress initially in mucosa/submucosa, which then propagated to the proper muscle layer to impair smooth muscle function. However, TNBS inflammation simultaneously induced oxidative stress, recruited or activated immune cells, and generated cytokines/chemokines in both mucosa/submucosa and the proper muscle layer. Hence impaired smooth muscle function contributed to diarrhoea.[@b30-ceg-5-195],[@b31-ceg-5-195] In DSS inflammation, the increase of oxidative stress in the proper muscle layer occurred in the absence of any activated immune cells, and the concentrations of cytokines/chemokines in the mucosa/submucosa in this type of inflammation were smaller than those in Crohn's disease--like inflammation. In contrast to the propagation of oxidative stress in the gastrointestinal wall over a period of 5--7 days in DSS inflammation, the oxidative stress and cytokine/chemokine concentrations increased almost concurrently in TNBS inflammation.[@b30-ceg-5-195] However, all these studies have only performed in vitro analyses of bowel segments to assess the degree of intestinal damage. In accordance with Shi et al, increased serum TNF-α concentration was also found in our TNBS group after 7 days, but not in DSS inflammation, supporting the role of cytokines also in TNBS-induced colitis.

The present feasibility study has some limitations that need to be addressed. Although a 14-MHz transducer was used in this study, an ultrasound transducer dedicated for small animal scanning with higher frequency (25--50 MHz) and thus better resolution would most likely improve imaging of cecum and small bowel. The best theoretical axial resolution of a 14-MHz probe is only 0.055 mm, while it is 0.019 mm in a 40-MHz probe. The improved resolution will make it easier to separate structures and should enable the distinction of different wall layers in the rodent gastrointestinal tract. Also, an extra TNBS group killed after 2 days should be added to compare histological findings after 2 and 7 days in response to single TNBS dosing. Compared to the DSS group, we found generally less inflammation in all segments of the TNBS group after 7 days and hemoFEC became negative in six of seven rats, showing that a rapid regeneration after the inflammatory response may already have started after 2 days. Therefore, histology should be evaluated in a separate TNBS group after 2 days, when the wall thickness was largest. However, in spite of these limitations, the findings in this pilot study show that we were able to distinguish diseased bowel using a human scanner, and both DSS and TNBS colitis models were suitable for ultrasound imaging.

In conclusion, increased intestinal wall thickness in response to DSS- or TNBS-induced colitis was able to be visualized by transabdominal bowel ultrasound in rats using a clinical scanner. TNF-α increased significantly in the TNBS group but not in the DSS group, supporting the notion that proinflammatory cytokines are involved in the inflammatory process in TNBS-induced colitis models. In the DSS group, ultrasound measurements significantly correlated with the combined histological score in distal colon, and ultrasound, occult blood samples, and histology findings supported one another. Further studies with larger cohorts including the use of a higher-frequency transducer for small animals are warranted to establish the exact role of transabdominal bowel ultrasound in experimental colitis with the use of contrast agents also. Moreover, ultrasonography may provide unique and objective monitoring of inflammation, with the great advantage of avoiding unnecessary killing of animals to obtain histological evaluation.
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![Changes in the wall thickness of distal colon, cecum and small bowel in rats after 7 days of DSS intake (**A**) and after a single intracolonic TNBS dosing, measurements 2 and 7 days later (**B**).\
**Abbreviations:** DSS, dextran sodium sulfate; TNBS, trinitrobenzene sulfonic acid.](ceg-5-195f1){#f1-ceg-5-195}

![A sonographic view of the distal colon in rat showing distal colon before dextran sodium sulfate (DSS) intake (**A**) and wall thickening after 7 days of DSS intake (**B**).](ceg-5-195f2){#f2-ceg-5-195}

![(**A**) Histologic appearance of the normal colonic mucosa of healthy control rat (intact crypts); (**B**) distal colon mucosa of rat with dextran sodium sulfate (DSS) colitis (rat no DSS-4) showing inflammatory infiltration and loss of mucosal architecture (see asterisk).\
**Notes:** White arrows, penetration of infiltrations into the connective tissue; black arrows, complete absence of crypts and surface epithelium (hematoxylin and eosin, ×10).\
**Abbreviations:** Lu, lumen; In, infiltration; Mu, muscularis.](ceg-5-195f3){#f3-ceg-5-195}

![Comparison of combined histology scores of distal colon (**A**), cecum (**B**) and small bowel (**C**) in the dextran sodium sulfate (DSS), trinitrobenzene sulfonic acid (TNBS), and control groups (error bars indicate standard error of mean).](ceg-5-195f4){#f4-ceg-5-195}

![Correlation between ultrasound measurements and combined histological score of distal colon in the dextran sodium sulfate group (*P* = 0.04, *r* = 0.71).](ceg-5-195f5){#f5-ceg-5-195}

###### 

Design of the experimental study

           Group 1 (DSS)                          Group 2 (TNBS)
  -------- -------------------------------------- -----------------------------------------------------
  Day 1                                           
  Day 2                                           
  Day 3                                           
  Day 4    Acclimatization                        Acclimatization
  Day 5    7 days                                 7 days
  Day 6                                           
  Day 7                                           
  Day 8    Ultrasound + blood and fecal samples   
  Day 9                                           Ultrasound + blood and fecal samples
  Day 10                                          Single dose of TNBS administered
  Day 11                                          
  Day 12   DSS for 7 days                         Ultrasound after 48 hours + blood and fecal samples
  Day 13                                          
  Day 14                                          
  Day 15                                          
  Day 16   Ultrasound + blood and fecal samples   
  Day 17   Killed + histology                     Ultrasound after 1 week + blood and fecal samples
  Day 18                                          Killed + histology

**Abbreviations:** DSS, dextran sodium sulfate; TNBS, trinitrobenzene sulfonic acid.

###### 

Ultrasound measurements, occult bleeding (hemoFEC), and combined histology scores of distal colon in the dextran sodium sulfate group

  Rat no   Ultrasound (mm)   Hemofec[a](#tfn3-ceg-5-195){ref-type="table-fn"}   Histology score
  -------- ----------------- -------------------------------------------------- -----------------
  DSS-1    0.6               0                                                  7.5
  DSS-2    0.5               1                                                  7.5
  DSS-3    1                 1                                                  16
  DSS-4    1.1               1                                                  17.13
  DSS-5    1                 1                                                  7.38
  DSS-6    1                 0                                                  8.38
  DSS-7    0.3               0                                                  3.75
  DSS-8    0.9               1                                                  16

**Notes:**

0, negative; 1, positive.
